A 16-kb DNA fragment designated Rp3-1 and cloned from the genome of rat-derived Pneumocystis carinii was found to contain sequences that were repeated approximately 70 times per genome. The repeated sequences in Rp3-1 spanned at least 10.4 kb. Sequences in Rp3-1 were present on each of the 16 P. carinii chromosomes resolved by field inversion gel electrophoresis. Most of the P. carinii genomic sequences homologous to those in the Rp3-1 clone appeared to be as long as those in the Rp3-1 clone but were highly polymorphic with respect to restriction enzyme cleavage sites. The Rp3-1 DNA fragment appears to be a member of a family of large, degenerate, dispersed repeats.
Recently, molecular genetic tools that promise to provide the means to understand better the genetic nature of P. carinii and the spectrum of genetic variability among organisms classified as P. carinii on the basis of histopathology have become available. In previous work, comparative analysis of P. carinii chromosomes separated by electrophoretic means showed that organisms isolated from different rat colonies displayed distinct chromosomal band patterns, suggesting the existence of distinct strains of P. carinii in nature (11) . To understand better the genetic variability among P. carinii organisms, we have been studying repeated DNA in rat-derived P. carinii.
Repeated DNA has been found in most eucaryotes examined and has proved to be a useful marker for epidemiological studies (25) . Some repeated DNAs serve structural roles in chromosomes, such as the sequences that cap the ends of chromosomes (2) , while others arise from various forms of mobile genetic elements (10, 33) . Some repeated DNAs resemble retrovirus proviruses. Examples of this group include the copia element in Drosophila spp. (18) and the Ty element in Saccharomyces cerevisiae (3, 4) . A second group of repeated DNA elements is represented by the retroposons, which include mammalian long interspersed repetitive sequences (27) , Cin4 elements in maize (26) , and the jockey element in Drosophila spp. (21) . Like retroviruses, retroposons appear to move via an RNA intermediate (33) . Members of a third group of repeated DNA elements, such as Drosophila melanogaster P elements, move without the mediation of RNA transcripts (19) . A fourth group is represented by the invertrons, which resemble the adenovirus genome. Like adenovirus DNA, these elements are typically quite large and have complex inverted-repeat sequences at their ends. Several elements of this type have been described in fungi (24) .
In this report, we describe a family of repeated DNA sequences that compose a significant fraction of the genome of rat-derived P. carinii. The P. carinii repeat occurs in forms that exceed 10 kb in length and is present on each of the chromosomes resolvable by pulsed-field gradient electrophoresis. The repeat family contains as many as 100 members per genome, and there is a high degree of sequence heterogeneity among the repeat family members.
MATERIALS AND METHODS
Either Sprague-Dawley (Harlan Industries, Madison, Wis.) or Lewis (Charles River Breeding Laboratories, Wilmington, Mass.) rats were immunosuppressed with weekly injections of 4 mg of methylprednisolone acetate (Upjohn Laboratories, Kalamazoo, Mich.) and monitored for infection, and organisms were harvested as described previously (6) . P. carinii DNA was isolated as described previously (11) .
In brief, for each preparation of DNA, 2 x 1010 filtered, DNase-treated P. carinii organisms obtained from infected rat lung homogenates were lysed in 0.25 M EDTA containing 0.25 mg of proteinase K (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) per ml and 1% Sarkosyl at 55°C. The lysates were incubated at 55°C for 4 h. Digested lysates were extracted twice with phenol-chloroform and twice with chloroform alone, and the DNA was precipitated with ethanol. Approximately 20 [Lg of DNA was obtained. Rat DNA was isolated from cultured rat cells and purified as described previously (28) .
The P. carinii genomic library was constructed in Lambda Fix (Stratagene Inc., La Jolla, Calif.) by standard procedures (15) . Specifically, 3 approximately 60,000 plaques were produced by infection of Escherichia coli LE392. Approximately 30% of these plaques were chimeric phage, as judged by plaque formation on E. coli P2 392 and by hybridization to a radiolabeled probe prepared by nick translation of a sample of the agarose gel-purified DNA used in the ligation to the Lambda Fix vector.
Methods for plasmid and phage DNA purification, restriction mapping, DNA labeling, DNA hybridization, Southern blotting, and cloning into plasmids were as described previously (15, 16) . Southern blotting used Nytran membranes (Schleicher & Schuell, Keene, N.H.). Restriction enzymes were purchased from New England BioLabs, Inc. (Beverly, Mass.), and were used in accordance with vendor specifications. The plasmid vector used in subcloning fragments from Rp3-1 was pIBI30 (International Biotechnologies Inc., New Haven Conn.). The P. carinii thymidylate synthase gene was isolated from the lambda library by probing with a 57-base oligonucleotide containing a sequence from position 46 to position 102 of the gene described by Edman et al. (9) .
Field-inversion gel electrophoresis (FIGE) was performed as follows. P. carinii organisms were suspended in 0.6% low-gelling-temperature agarose (Sigma, St. Louis, Mo.)-0.125 M EDTA at a density of 5 x 108 nuclei per ml. Gel-embedded cells were treated with 0.25 mg of proteinase K per ml-1% Sarkosyl at 55°C for 18 h. Digested agarose plugs were stored in 0.5 M EDTA (pH 9.0) at 4°C. FIGE gels were made of 1% agarose (Sigma) in 0.5 x TBE (45 mM Tris-HCl, 45 mM boric acid, 0.125 M EDTA [pH 7.4]) and run at 14 to 16°C in 0.5 x TBE. FIGE analysis was performed at 105 V for 120 h, 50 s forward and 25 s backward (5, 11). Southern blots were prepared from FIGE gels as described previously (11) .
RESULTS
Isolation of a cloned copy of a P. carinii repeat. A library of chimeric lambda phage carrying segments of the genome from rat-derived P. carinii (11) was screened by hybridization to radioactive P. carinii DNA. About 20% of the chimeric phage plaques emitted a very strong radioactive signal, suggesting that these phage contained DNA fragments that were present in multiple copies in the P. carinii genome. The Rp3-1 phage was chosen for further analysis. The DNA in Rp3-1 did not hybridize to rat DNA (see Fig. 3 ).
Distribution of the DNA sequence in Rp3-1 among P. carinii chromosomes. The distribution of Rp3-1 sequences in the genome of P. carinii was examined by hybridization of radioactive Rp3-1 DNA to P. carinii chromosomes that had been resolved by FIGE. As shown in lane 1 of Fig. 1 was determined by hybridization of radioactive subcloned fragments derived from Rp3-1 to P. carinii chromosomes resolved by FIGE. Figure 2 shows the positions of restriction enzyme cleavage sites in the 16-kb Rp3-1 insert. Maps were determined by partial digestion of end-labeled DNA and confirmed by subcloning pieces of the phage insert into plasmids as described in Materials and Methods. (Fig. 2) . Finding repeated sequences distributed throughout the Rp3-1 insert raised the possibility that the Rp3-1 insert may be internally redundant, with the same repeated sequence present in each of the subcloned Rp3-1 fragments. To examine this possibility, we hybridized radioactive subcloned fragments to restriction enzyme-digested Rp3-1 DNA fragments separated by gel electrophoresis. The experiment showed little or no cross-hybridization between most of the subcloned fragments. The only notable exception was Sac-F, which cross-hybridized with Sac-G (see Fig. 4 ). Therefore, it appeared that internal redundancy could not explain the results shown in Fig. 1 . Further control hybridization experiments with plasmid vector sequences alone showed no hybridization to P. carinii chromosomes (data not shown), while a fragment derived from the P. carinii thymidylate synthase gene hybridized to a single band, as did a probe from the rRNA genes of P. carinii (data not shown).
It is interesting to note that while each subcloned DNA fragment hybridized to multiple P. carinii chromosomes, the band intensities obtained with each probe were not identical. The most obviously distinct band pattern was produced by EcoRI-E, which originated from the left end of Rp3-1. The differences in band patterns produced by the other subcloned probes were more subtle. Two examples of such differences can be seen by comparison of probes EcoRI-C and EcoRI-G (Fig. 1, lanes 3 and 4) . With EcoRI-C as a probe, the 575-kb band was darker than the 570-kb band and the 320-kb band was darker than the 330-kb band. With EcoRI-G as a probe, the opposite relative band intensities were observed.
Structure of Rp3-1-related sequences in the P. carinii genome. The results of the experiments described above suggested two possibilities regarding the relationship between the structure of the insert in phage Rp3-1 and the structure and organization in the P. carinii genome of sequences related to Rp3-1. Either Rp3-1 contained several different short sequences, each of which was repeated in the P. carinii genome but which were ordinarily not linked to one another, or Rp3-1 contained all or part of a copy of one member of a degenerate family of large (on the order of 10 kb) repeated elements. To distinguish these possibilities, we analyzed P. carinii genomic sequences related to those in Rp3-1. Three approaches were taken. In the first approach, we used plaque hybridization to determine whether sequences found in Rp3-1 were generally linked to one genome. Rp3-1 fragments were used to screen the lambda library containing segments of the P. carinii genome. Nearly half of the plaques that hybridized to one Rp3-1 subclone also hybridized to all the other subclones (class A in Table  1 ), indicating that the repeated DNA sequences in the Rp3-1 clone were typically tightly linked in other members of this repeat family. The only subclone that appeared to be often unlinked to the others was EcoRI-E, which came from the left end of Rp3-1. Consistent with the plaque hybridization data, EcoRI-E also produced the most distinctive band pattern when hybridized to P. carinii chromosomes (Fig. 1) .
The plaque screening experiment also provided an estimate of the number of copies of Rp3-1-related sequences 3) or subcloned fragments derived from Rp3-1 (Fig. 4) . Figure 3 shows that each of the five restriction enzymes produced a large number of bands with sequence homology to Rp3-1. Some bands were of sizes expected from the physical map of Rp3-1, and some bands were not. Rat DNA, run in lanes 2, 4, 6, 8, and 10, did not hybridize to Rp3-1. No homology between rat DNA and Rp3-1 could be detected, even after overexposure of the Southern blot to X-ray film (data not shown). Lanes 1 and 12 contained Rp3-1 phage DNA digested with EcoRI and Sacl, respectively. In the case of EcoRI, all of the P. carinii-derived bands present in the phage appeared to be present in the P. carinii genomic DNA. The P. carinii genome also contained Sacl fragments that comigrated with Sac-C, Sac-E, and Sac-G. Sac-D and Sac-F fragments would not be expected to occur in the P. carinii genome, because these two fragments end at Sacd sites present in the phage vector (Fig. 2) . Figure 4 shows that each subcloned Rp3-1 fragment also hybridized to a complex array of P. carinii genomic fragments. The EcoRI-E fragment produced the simplest pattern, a result reminiscent of that obtained when this subclone was hybridized to P. carinii chromosomes (Fig. 1) . these two segments were related in sequence but were not identical.
The data in Fig. 3 and 4 showed that the genome of P. Fig. 3 and 4 could have been derived from cleavage at restriction endonuclease cleavage sites lying in unique-sequence DNA flanking these small inserts. This possibility seems unlikely because, with the exception of EcoRI-E, Rp3-1-related sequences in the genome are rarely found disassociated from other Rp3-1 related sequences (Table 1) . Analysis of other chimeric phage carrying fragments related to Rp3-1. To further explore the idea that the P. carinji genome harbors variants of the Rp3-1 sequence that contain most or all of the sequences in Rp3-1 but that differ from the cloned Rp3-1 insert in the locations of restriction endonuclease cleavage sites, we characterized 10 chimeric phage that hybridized to P. carinii sequences from phage Rp3-1. DNA was isolated from each phage and digested with EcoRI and Sacl, and the resulting DNA fragments were sized by gel electrophoresis. Two phages contained fragments that comigrated with Rp3-1 fragments Sac-E, Sac-F, and EcoRI-G. The other eight phage genomes bore no resemblance to Rp3-1, as determined by restriction mapping, but were homologous to parts of Rp3-1. Several phages were used as hybridization probes in experiments such as those described above. Figure 5 shows the results obtained with phage Rp4-1, which shared sequence homology with the EcoRI-D fragment of Rp3-1 (panels A and B), and phage Rp20-1, which shared sequence homology with the Sac-E, Sac-F, and Sac-G fragments of Rp3-1 (panel C). Rp4-1 hybridized to all the chromosomal bands of P. carinii resolved by FIGE and also hybridized to a complex array of fragments in restriction enzyme-digested P. carinii DNA. The pattern of P. carinii fragments homologous to Rp4-1 resembled the pattern seen when Rp3-1 EcoRI-D was used as a probe (Fig.  4) . Rp20-1 also hybridized to many fragments in the P. carinii genome.
These data are consistent with the idea that most of the fragments seen in Fig. 3 and 4 were produced from Rp3-1 variants. (23, 34) , Xenopius laevis (20) , cereal grasses (1), nematodes (22) , and slime mold (12) .
DISCUSSION
It is also possible that Rp3-1 is a mobile genetic element. Rp3-1 is larger than the best-studied eucaryotic movable elements, such as Ty of S. cerevisiae and the P elements of D. melanogaster, but other movable elements, such as invertrons (24) , which are known to occur in fungi, and large retroposons, such as long interspersed repetitive sequences (21, 26, 27) Whatever its origin or function, Rp3-1 should be useful as a target for DNA-based detection of P. carinii and as a means to distinguish strains of the organism. The high copy number of Rp3-1 would provide an enhanced signal in procedures such as DNA hybridization and the polymerase chain reaction. DNA fingerprinting with Rp3-1 repeats has potential for detecting strain variation and assessing strain relatedness among P. carinii isolates.
